(where teaH 3 = triethanolamine; mdeaH 2 = N-methyldiethanolamine) has been isolated and magnetochemically analyzed combining the programs wxJFinder and CONDON in an approach to avoid overparameterization issues that are common to larger spin polytopes. Dominant antiferromagnetic exchange interactions exist in all clusters along the edges of the propellers, while moderate ferromagnetic interactions are found along the propeller axes in their {Fe 8 O 3 } metallic cores.
Introduction
Nanosized iron coordination clusters are attractive research targets in the fields of materials chemistry and physics due to their magnetic properties and great potential for application in "intelligent" multifunctional materials for information storage and quantum computation. 1 The number of metal ions in such clusters can be controlled through a proper choice of bridging ligands, which will act as intra-and/or intermolecular connectors and supply superexchange pathways between metal ions. Flexible polydentate N-donor alcohol ligands have been shown to progenerate numerous polynuclear nanosized coordination clusters, including several that show unusual magnetic behavior, as reported by us [2] [3] [4] and other groups.
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Although high-spin Fe III nuclei in (distorted) octahedral ligand fields are readily described as pure spin-5/2 centers, the magnetic characteristics of polynuclear Fe III clusters are increasingly complicated with each additional center. This is due to the growing number of structurally inequivalent nuclei and the proliferation of exchange pathways (n centers, n(n − 1)/2 pathways 9 (tea)(teaH) 3 ]·MeCN, and this motif has been extended by Murray et al. 16 and Powell et al. 17 to a series of {Fe 8 } disk-like propionate and pivalate clusters of the general formula [Fe 8 O 3 (O 2 CR) 6 (tea)(teaH) 3 (L) 3 ]·solvent, where R = CH 2 Me, L = F; 16 R = CMe 3 , L = N 3 or SCN. 17 The flexibility of teaH 3 ligands has been explored by the groups of Wang and Gao 18 in the preparation of an {Fe 64 at 35 kHz with a maximum power output of 160 W was used for ultrasonic irradiation.
X-ray crystallography
Diffraction datasets for 1, 3, 4 and 5 were collected on a Bruker APEX II and for 2 on an Oxford Xcalibur CCD diffractometer, both equipped with graphite-monochromatized Mo-K α radiation. The summary of the data collection and the crystallographic parameters of compounds 1-4 are listed in Table 1 . After collection and integration, the data were corrected for Lorentz and polarization effects. The structures were solved by direct methods and refined by full-matrix least squares on the weighted F 2 values for all reflections using the SHELX suite of programs. 20 All non-hydrogen atoms in clusters 1-5 were refined with anisotropic displacement parameters, except the minor position of disordered O-and C-type atoms. The hydrogen atoms were placed in fixed, idealized positions and refined as rigidly bonded to the corresponding atom. Some Method A. In a typical experiment the mixture of 5 (0.094 g, 0.1 mmol), NaN 3 (0.022 g, 0.33 mmol) and teaH 3 (0.055 g, 0.36 mmol) in 10 mL EtOH (MeOH or 1 : 1 EtOH/CH 2 Cl 2 could also be used) was heated at reflux for 60 min and then filtered. The filtrate was kept in a closed vial whose lid was pierced with several holes at room temperature. The black hexagonal crystals of 2 suitable for X-ray analysis were filtered off the next day, washed with hexane and dried in air. Yield: 0.045 g, 69% (based on Fe) in EtOH; 0.048 g (74%) in MeOH; 0.034 g (52%) in EtOH/CH 2 Cl 2 .
Method B. The mixture of 5 (0.094 g, 0.1 mmol), NaN 3 (0.024 g, 0.36 mmol) and teaH 3 (0.053 g, 0.35 mmol) in 10 mL EtOH was placed under ultrasonic irradiation for 32 min and then filtered. The filtrate was kept in a closed vial whose lid was pierced with several holes at room temperature. The black hexagonal crystals of 2 suitable for X-ray analysis were filtered off the next day, washed with hexane and dried in air. Yield: 0.045 g, 69%.
The identity of 2 prepared by methods A and B was established by comparison of IR data, elemental and TG analyses as well as by single-crystal X-ray diffraction analysis. Elemental analysis for 2 prepared by method A in EtOH, calcd for C 48 
Results and discussion
Syntheses and preliminary characterization proceeds through several stages: the main weight loss steps of 64.3% (1), 59.4% (2) and 59.3% (3) take place between 100 and 450°C; these correspond to removal of the organic groups of the clusters. The remaining organic ligands decomposed in one step within the range of 540-790°C to the final metal oxide products. (Fig. 1 and S1 †) . The presence of the uncoordinated alkoxide groups of teaH 2− in 1-3 and N-containing azide ligands in 2 and 3, as well as solvate molecules (H 2 O in 1 and an ethanol molecule in 3), results in the formation of hydrogen-bonded networks in 1-3 (Table 3) . In cluster 1, two solvate water molecules (O34 and O35) form an O-H⋯O hydrogen bond of 2.762(14) Å with each other and several intermolecular hydrogen bonds of 2.696(13)-2.840(11) Å with the uncoordinated alkoxide groups from the neighboring clusters to generate a 3D hydrogenbonded network. Some additional contacts between uncoordinated carboxylate oxygens of monodentate pivalates and the uncoordinated protonated alkoxide oxygens are also presented (Table 3) 
Magnetic properties
The low-field temperature-dependent magnetic susceptibility data of 1-4 are depicted in Fig. 2 as open circles. Since the compounds feature comparable structures, the data exhibit common trends. For each of the four compounds, the effective magnetic moment approaches approximately μ eff = 9.6μ B at 290 K (Fig. 2, inset) which is well below the spin-only value of 16.7μ B expected for eight non-interacting high-spin Fe III centers, thus indicating that the antiferromagnetic exchange interactions are dominant within each compound. In addition, the effective magnetic moments continuously decrease by lowering the temperature; this is consistent with the dominating antiferromagnetic interactions. For 1-4, when decreasing the temperature from 150 K to approximately 10 K, χ m decreases as expected for antiferromagnetic exchange interactions. For even lower temperatures, all χ m curves exhibit minima and subsequent increasing values that reveal either paramagnetic impurities, minor ferromagnetic interaction contributions or a combination of both. Due to computational limitations (the Hilbert space dimension for the eight spin-5/2 centers amounts to 6 8 ) several
approximations are required to model the magnetic data of compounds 1-4. Although exhibiting different (distorted octahedral) ligand-field environments, each of the eight Fe III centers is treated as an effective S = 5/2 center due to the energy splitting of their 3d 5 systems. Thus, their exchange interactions are described by an effective isotropic Hamiltonian including a g-value of g eff = 2. Since 1-4 are each composed of eight centers, the total number of exchange interaction parameters J ij is 28 ((n − 1)n/2). To reduce the number of independent parameters, the computer program wxJFinder 10, 12 has been used to determine which of the interactions are negligible or may be treated as identical. Adopting the ideas of Weihe and Güdel 13a as well as Werner et al., 13b the calculations of wxJFinder are based on the angular overlap model (AOM) taking into account various experimental datasets for compounds containing oxo-bridged Fe III centers. Therefore, these calculations deliver the expected ranges for the exchanged interaction parameters based upon structural information. (5) 178.8 #1 x + 1, y, z − 1, #2 −x + 1, −y, −z, #3 −x + 1, −y + 1, −z + 1 #4 x − 1, y, z + 1, #5 x, y, z + 1. Due to the similar structures of 1-3, the simulated exchange parameters differ by small amounts from one compound to another. Therefore, the coupling scheme that is applied in the fit to the effective spin Hamiltonian is explained using the example of compound 3. The calculations of wxJFinder show that 15 of the 28 exchange interaction parameters are negligible. 12 of the remaining 13 parameters are divided into four categories, each represented by three (almost) identical parameters. Thus, all compounds are described by effective Hamiltonians that contain five independent exchange parameters J i as depicted in Fig. 3 (notation: Table 4 and the corresponding curves as straight lines in Fig. 2 . According to the Heisenberg model employed here, all compounds are characterized by a single ferromagnetic ( J 1 ) and otherwise antiferromagnetic independent exchange interaction parameters J i . An analysis of the correlation coefficients for the various J i pairs derived from the least-squared fit parameters (Tables S2-S5 †) indicates that J 1 generally displays the most pronounced correlation with the other exchange energies, and the evolution of the remaining J i parameters as well as the goodness-of-fit are highlighted in Fig. S18 -S21 † for an artificial modification of J 1 by ±10%. Compounds 1-3 show comparable sets of parameters due to their similar structures, while 4 reveals slightly lower magnitude exchange interactions, along with the different coupling schemes along the propeller tips. The compounds are characterized by moderate antiferromagnetic interactions along the edges and weaker antiferromagnetic interactions at the tips. Consistent with the expectation of the superexchange mechanism, a moderate ferromagnetic interaction is found along the axis between the most proximal Fe III atoms within the compounds since they form, in combination with their bridging oxo ligands, approximately right-angled triangles. Note that the effect of this exchange interaction ( J 1 ) competes with the contribution of paramagnetic impurities, thus these modeled values exhibit potentially larger uncertainties than the standard deviations given in Table 4 . On the other hand, the structures of 1, 2 and 4 contain one cluster site while 3 shows alternating crystallographically distinct cluster sites, twisted by 180°with respect to one another, and thus the behavior of 3 might be influenced by further effects. Nevertheless, for all of these complexes wxJFinder calculates parameters of the same signs and comparable values. The introduction of azide ligands mainly influences the exchange pathways if these ligands are not symmetrically distributed over the structure as can be deduced from the different parameter sets found for 4 in comparison to 1-3. The calculated ground state of all compounds corresponds to an S = 0 effective spin state in agreement with the low value of μ eff at 290 K. Higher energy states are calculated according to the best fit parameters. In part, they are shown in Fig. S12 -S15 † for the lower energy range (0-420 cm −1 ) shifted relative to the ground state. The first excited state for 1-4 corresponds to an effective S = 1 state in the range of 21-24 cm −1 . Finally, we note that a further reduction in the number of independent exchange energies ( J i ) by one (assuming the most similar exchange energies, J 2 and J 3 to be equal) significantly decreases the fit quality, with SQ increasing by approx. 0.5 (1) to 1.0% (4), see also (4) were prepared by direct reaction of oxo-centered trinuclear carboxylate precursors with triethanolamine or N-methyldiethanolamine. The challenge central to the magnetochemical modeling, namely overcoming the overparameterization issues associated with reproducing the susceptibility data via a Heisenberg-Diracvan Vleck model Hamiltonian with multiple exchange energies J, here employed the semi-empirical program wxJFinder that predicts the exchange energies for the Fe-O-Fe pathways. Importantly, wxJFinder can be used to determine which of these interactions are negligible or may be treated as identical, thus effectively reducing the number of independent fitting parameters. The parameters calculated by wxJFinder are employed as initial values for the corresponding fit of the effective Hamiltonian to the magnetic susceptibility data. The magnetochemical studies showed that for 1-4, antiferromagnetic exchange interactions dominate along the edges of the propeller while a moderate ferromagnetic interaction is found along the propeller axis.
